In this paper we describe the pollen developmental processes in Picea asperata Mast. by means of cytochemical and ultrastructural methods, with an emphasis on starch grains, callose dynamics and the ultrastructure of prothallial cells. It was observed that microsporogenesis and pollen development of Picea asperata proceeded from early March to late April. The meiosis of pollen mother cells (PMC) was of the simultaneous type and the arrangement of microspores in the tetrad was tetrahedral. A mature pollen grain consisted of four cells. Therefore, the pollen development of this species should be categorized into the Keteleeria type. During meiosis, starch grains and callose had a regular dynamic distribution. At the four-celled stage, the organelles were asymmetrically distributed. The degenerated prothallial cells had some remarkable characteristics that are typical to cells involved in programmed cell death (PCD), a phenomenon observed in some plants and animals. In comparison with other taxa of the Pinaceae, the synchronized development from meiosis of the pollen mother cell to mature pollen together with frequent insect damage to the pollen cones might be a possible cause of frequent low pollen production in this species.
Introduction
A regular and ample development of pollen is important for fertilization and seed production. It has been reported that the seed production of Picea asperata was lower than that of most of the coniferous species with the causes not fully understood (Lin & Hu, 2000) . Singh & Owens (1982) believed that revealing the complete processes of pollen development would provide useful information regarding factors affecting seed production. However, little is known about pollen development in this species.
There are many investigations on the development of pollen in conifers (Singh 1978; Biswas & Johri 1997) . Most studies dealt with the pollination mechanisms (Lill & Sweet 1977; Owens et al. 1981a ) and general descriptions of the pollen development (Owens et al. 1981 b) . Some studies have examined the cytochemical changes during pollen development (Chen et al. 1994; Jia et al. 1998 ). But few investigations have focussed on dynamic changes of the prothallial cells, a typical evolutionary characteristic in most genera within the gymnosperms (Lü et al. 2000) . The present study was therefore undertaken to observe the reproductive phenology of Pinus asperata with a particular emphasis on the dynamic distribution of the starch grains and callose during pollen development.
Materials and methods
Picea asperata Mast. belongs to the Picea section Omorika and has a natural distribution area in West China (Krüssmann 1983) . Plant materials used in this study were collected between early March and late April 2000 from mature trees of this species growing in the Beijing Botanical Garden, Institute of Botany, Chinese Academy of Sciences. These trees were 20-years old, with a breast height of 30 cm. They were all in good condition. Fresh materials obtained from the microsporangiate inflorescences of the trees were used to prepare temporary mounts for microscopical examination. Anthers for light microscopic (LM) observation were fixed in a solution of 2.5% glutaraldehyde, adjusted to pH 7.2 with 0.2 mol/L phosphate buffer (pH 7.2) for 12h at room temperature. Sections, about 2-3 µm thick, were prepared by conventional methods and stained with Amido Black 10B (ABB), periodic acid-Schiff's reagent (PAS) reaction and aniline blue (pH 8.2). Light and fluorescence observations and microphotographs were carried out under an Olympus BH-2 and Leica Q500 IW microscope with exciter UV. Samples used for transmission electron microscopy (TEM) were fixed for 6 h in 2.5% glutaraldehyde in 0.2 mol/L phosphate buffer (pH 7.2), washed three times with buffer and postfixed in l% osmium tetroxide for 5 h at room temperature, then rinsed three times with distilled water, dehydrated in a series of ethanol and embedded in Spurr's resin. Ultrathin sections were cut with a LKB microtome and stained with uranyl acetate and lead citrate. These sections were examined and photographed under a JEM 100 CX TEM.
Results

Pollen developmental processes
The complete reproductive process of pollen development was observed using a temporary mount method. Microsporogenesis and pollen development of P. asperata took place from early March to late April (Table 1) . Before meiosis, the pollen mother cells (PMC) were separated from each other but parts of each cell remained connected.
Following meiosis, the PMC nucleus divided into four to form tetrahedral and isobilateral tetrads. As pollen developed, microspores with two small sacci each were released from the tetrad. The uninucleate microspore grain was the first cell of the male gametophyte. The microspore then increased its volume as vacuoles formed, during which period the nucleus moved towards the distal side. The microspore then underwent an asymmetric division to form a big central cell and a small prothallial cell. The big central cell soon divided further into the antheridial initial and the second prothallial cell. Finally, asymmetrical division occurred again and the antheridial initial gave rise to a big tube cell and a small generative cell. The mature pollen was four-celled, i.e, a tube cell and a generative cell together with two prothallial cells. The prothallial cells degenerated at the shedding stage and only a relict remained. The whole process of pollen development until release from the anthers lasted for several months, but the crucial period from meiosis of pollen mother cell to mature pollen was relatively brief.
The dynamic distribution of the starch grains and callose
The microspore mother cell was polyangular in form before meiosis. During meiosis-I, the mother cells, spherical or elliptical, were arranged next to each other without any intercellular spaces. No starch grains were observed in them at this stage (Fig. 1) . During metaphase-I to telophase-I, starch grains aggregated gradually towards the equatorial region. Finally almost all of them aggregated in the equatorial region (Fig. 2) . At the tetrad stage, starch grains were evenly distributed along the distal side of the four microspores (Fig. 3) , and at the uninucleate microspore stage, they were also in homogeneous distribution (Figs. 4 & 5) . With the proceeding of cell division, the distribution of starch grains became asymmetrical. Most of them accumulated in the antheridial initial, while less grains were observed in both the prothallial cells (Fig. 6) . At prophase-I, callose accumulated evenly and continuously along the inner wall of the PMC (Fig. 7) . During the course of meiosis, the callose moved gradually towards the division side of the cytoplasm (Fig. 8) . Consequently, the PMC subdivided with the formation of callose into four parts (Fig. 9) .
Changes in ultrastructure of prothallial cells
As shown in Fig. 10 , there were four cells in the pollen, namely two prothallial cells, one tube cell and one generative cell. Tube cell and generative cell remained, while the prothallial cells degraded. Normal cells were richer in organelles than prothallial cells. In the early stages, the first prothallial cell contained some organelles, but these underwent degradation as development proceeded. After the second prothallial cell appeared, the first prothallial cell went into the last stage of degradation. At this stage, in the first prothallial cell only the vacuole and the nucleus could be observed. The nucle- Mature pollen Fig. 1-9 . Dynamic distribution of the starch grains and callose. 1. During the early stage of meiosis, no starch grains were observed in the pollen mother cell (PMC). 2. The PMC at the telophase-I, showing equatorial aggregation of starch grains (arrow). 3. The PMC at the tetrad stage; starch grains were evenly distributed in the distal sides of four microspores (arrow). 4-5. The PMC at the uninucleate microspore stage; note that starch grains were more or less evenly distributed (arrow) 6. During the formation of prothallial cells, an assymetric distribution of starch grains frequently appeared, with more grains in the antheridial initial and fewer in prothallial cells (arrow). 7. The PMC at the early stage of meiosis; note that callose accumulated along the inner cell walls. 8. During the course of meiosis, the callose accumulated along the division side of the cytoplasm (arrow). 9. The PMC divided into four parts with the formation of the callose.
Bars: 1, 4, 7, 8, 9: 2 µm; 2, 3: 1 µm; 5: 2 µm; 6: 3µm. Key of labeling: AC, antheridial cell; PMC, pollen mother cell; PC, prothallial cell; SG, starch grains; Te, tetrad. us lost its round shape and shrank; the chromatin condensed into many aggregates, mainly at the periphery of the nuclear mass. However, the second prothallial cell possessed some other organelles, such as ribosomes, plastids, mitochondria and vacuoles (Fig. 10) . With further degradation of both prothallial cells, the organelles in the first prothallial cell were phagocytized by the vacuole (Fig. 11) . In comparison, the second prothallial cell degraded less than the first one.
Discussion
The time course of pollen development of P. asperata was similar to that of other specieis in Pinaceae (Xiao & Chen, 1990; Chen et al. 1994) . In these taxa, the male inflorescences differentiated from summer to autumn, went through a winter dormancy as small cone buds, and then developed further. Inside the anthers microspore mother cells, free microspores and finally mature pollen were formed in the following late spring and early summer. Although the whole reproductive cycle of P. asperata lasted for several months, the crucial period from meiosis of pollen mother cells to mature pollen was brief in comparison with other taxa in Pinaceae (Lü et al. 2001) . Any unfavorable environmental conditions might lead to an asynchronized development, thus reducing the production of mature pollen. Also, the restriction of seed bearing cones of P. asperata to the very upper branches of the trees may limit adequate pollination when pollen were shedding. Another factor noted in this species that may be causal for low pollen production was frequent insect damage to the pollen cones especially in April. The relative importance of these various possible causes of frequent low seed production of this spruce need to be tested further after the developmental processes at the cytological level are known.
The microspore of P. asperata underwent three successive periclinal divisions, which resulted in the formation of a pollen grain consisting of two prothallial cells, the generative cell and the tube cell. The number of cells in the pollen at the stage of shedding varies from genus to genus within gymnosperms. Cycadales have three-celled pollen with one prothallial cell, one tube cell and one generative cell, while Ginkgo has fourcelled pollen with two prothallial cells instead of one. In Fig. 10-11 . Ultrastructure of the P. asperata pollen. 10. The whole pollen structure at the four-cells stage, showing the generative cell containing more organelles than prothallial cells. 11. Enlargement of Fig. 10 , showing that inchondriosis occurred in the prothallial cells. Bars: 10: 1 µm; 11: 0.5 µm. Key of labeling: GC, generative cell; L, lipid body; M, mitochondria; Nu, nucleolus; N, nuclear; P, plastid; PC, prothallial cell; V, vacuole. conifers, three types of pollen development have been described, i.e. Pinus type, Keteleeria type and Cathaya type (Wang & Chen 1990 ). The development of P. asperata pollen as observed in this investigation should be categorized into the Keteleeria type.
The dynamics of the starch grains during microsporogenesis and pollen diffierentiation in higher plants have attracted wide attention. Starch grain deposition in microsporogenesis usually showed a regular distribution and a dynamic variation (Rodkiewicz et al. 1986 ). Singh (1978) concluded that the dense distribution of starch grains in the equatorial region is generally an important event during the development of a microspore. In this investigation with P. asperata, we also observed that the starch grains highly accumulated in the equatorial region. Furthermore, it was of interest to note that the deposition and distribution of the callose at the stage of microspore meiosis frequently occurred in places where starch grains appeared, indicating that the callose progenitor was related to the activity of the starch grains. We therefore suppose that starch grains might be the carbohydrate sources for callose formation. This viewpoint is similar to those reported for angiosperms (Waterkeyn 1964; Bhatia & Malik 1993 ; Li 1998) , but differs from that of Stanley (1971) , who considered that callose might play a role in the storage of carbohydrates. From our findings it can be concluded that callose in both angiposperms and gymnosperms shares similar formation mechanisms.
Before pollen matured, four cells were seen in P. asperata, among which two prothallial cells underwent degradation. Finally, this led to extensive cell death, and the prothallial cells were cut off when the intine was still being laid down. As a consequence, their remnants became embedded in the intine. The present investigation noticed at the ultrastructural level that the development of prothallial cells resulted in chromatin condensation as aggregates, nuclear shrinkage, abnormal organelles and inchondriosis. These phenomena were similar to those correlated with programmed cell death (PCD) observed in plants (Papini et al. 1999; Gao and Showalter 1999; Xu and Roossinck 2000; Lü et al. 2001 ) and also in animals (Bell 1996; Puka-Sundvall et al. 2000) . Thus, we suggest that the degradation of the prothallial cell in P. asperata is a typical process of PCD.
